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Objectives: Women likely require higher adherence than men to preexposure prophylaxis (PrEP) with tenofovir disoproxil fumarate (TDF)/emtricitabine (FTC) for similar efficacy. Pharmacologic metrics of adherence predict efficacy better than self-report, but expected drug levels (adherence benchmarks) must be established using directly observed therapy. We sought to evaluate whether tenofovir hair concentrations differ between women and men receiving directly observed TDF/FTC.
Methods:
We assessed tenofovir hair concentrations in HIV-uninfected volunteers randomized to receive 100%, 67%, or 33% of daily dosing of TDF/FTC for 12 weeks (DOT-DBS, NCT02022657). Hair samples were collected at dosing weeks 4, 8, and 12 and every 3 weeks during a 12-week washout. Tenofovir concentrations in the proximal 1.5 cm of hair (representing 6 weeks of exposure) were analyzed using liquid chromatography/tandem mass spectrometry. Linear regression was used to model tenofovir hair concentrations in terms of sex, doses over the prior 6 weeks, and number of days since last dose.
Results: A total of 264 hair samples were analyzed from 23 female and 24 male participants. Female participants had similar tenofovir hair concentrations to men (estimated fold-difference 0.92, 95% CI 0.75-1.13, P ¼ 0.43). The estimated folddifference in tenofovir levels for female versus male participants did not appreciably change when age (0.93, 95% CI 0.76-1.15), weight (0.89, 95% CI 0.71-1.11), or race/ ethnicity (0.95, 95% CI 0.77-1.17) were added to the model.
Introduction
Oral preexposure prophylaxis (PrEP) with tenofovir disoproxil fumarate (TDF)/emtricitabine (FTC) is now recommended in global guidelines for individuals at risk of HIV acquisition [1, 2] . Adherence to PrEP is an important correlate of its success. Whereas PrEP was effective across a wide range of adherence levels in trials of MSM [3] [4] [5] , women seemed to require higher levels of adherence to PrEP for protection from HIV acquisition [6] [7] [8] . Two placebo-controlled trials of PrEP among younger sexually active women in Africa demonstrated no reduction in HIV acquisition [9, 10] . Low levels of adherence to study product (as measured via PrEP drug concentrations in plasma), despite high levels of self-reported adherence, seemed to explain the null findings in these trials. Pharmacokinetic modeling studies indicate that higher levels of adherence may be required to protect against vaginal exposure (six to seven PrEP doses per week) compared with rectal exposure (approximately four doses per week) because of lower concentrations of tenofovir and tenofovirdiphosphate in cervicovaginal than in colorectal tissues [11] [12] [13] .
Pharmacologic measures [e.g. PrEP drug concentrations in plasma, dried blood spots (DBS), or hair] can be used to estimate levels of adherence and exposure to PrEP among HIV-uninfected individuals (in whom HIV RNA cannot be used as a surrogate for adherence) and were essential to interpreting the results of prior PrEP trials. 'Adherence benchmarks' (antiretroviral drug concentrations measured in a biomatrix after a known number of doses taken) have been established for PrEP drugs in plasma [14] , DBS [15] , and hair [16] , paving the way for the use of these adherence metrics during widespread PrEP roll-out. However, to ensure that a metric is interpreted correctly for both men and women at risk, it is important to examine potential sex differences in adherence benchmarks for the particular matrix [14, 15] . In this study, we sought to evaluate whether tenofovir concentrations in hair differ between men and women receiving TDF/FTC under directly observed dosing.
Methods Study design and population
The DOT-DBS study [15] 
Procedures
Participants were randomized to receive two of the following 12-week dosing regimens: 100%, 67%, or 33% of daily dosing, separated by a 12-week washout period. The 33% and 67% arms were split into 'intermittent' dosing (which alternated by days, for example, 1 day on/2 days off for 33% intermittent dosing) or 'holiday' dosing (in which dosing weeks were separated by week-long breaks, for example, 1 week on/2 weeks off for 33% holiday dosing; Fig. 1 ).
Small hair samples were collected at weeks 4, 8, and 12 of each dosing regimen and every 3 weeks during the 12-week washout period. Tenofovir concentrations in the proximal 1.5 cm of hair (representing approximately 6 weeks of exposure) were analyzed using validated liquid chromatography/tandem mass spectrometry (LC-MS/ MS)-based methods at the UCSF Hair Analytical Laboratory (HAL) [16] . The assay has been validated from 0.002 to 0.400 ng tenofovir/mg hair and has been peer-reviewed and approved by the National Institute of Allergy and Infectious Diseases Division of AIDSsupported Clinical Pharmacology and Quality Assurance (CPQA) program [17] .
Statistical analyses
Linear regression models with random-person effects were used to model logarithmically transformed tenofovir hair concentrations in terms of doses taken over the prior 42 days (6 weeks), number of days since the last dose, sex at birth, weight, and race/ethnicity. Data were analyzed from hair samples collected when participants had taken at least one dose of TDF/FTC in the prior 42 days; hair samples from study weeks 18, 21, and 24 were thus excluded from analysis. Analyses were performed using SAS version 9.4 (SAS Institute, Cary, North Carolina, USA).
Results
Characteristics of study participants A total of 23 female and 24 male participants were enrolled in the study and included in this analysis (Supplemental Table 1 , http://links.lww.com/QAD/ B318). Among females, the median age was 29 years (range 21-49); race/ethnicity was 48% white, 17% African American, 35% Hispanic; median weight was 63 kg (range 47-114). Among men, median age was 29 years (range 22-50); race/ethnicity was 63% white, 13% African American, 25% Hispanic; median weight was 83 kg (range 60-155).
Hair collection A total of 371 hair samples were collected during the study and participants provided a median of 10 (range 1-10) hair samples. After excluding samples collected when participants had taken 0 doses of TDF/FTC in the preceding 6 weeks, we analyzed data on tenofovir concentrations from 264 hair samples.
Fold-difference in tenofovir hair concentrations by sex
In models controlling for the number of doses taken in the previous 6 weeks and days since last dose, female
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Discussion
Under directly observed dosing conditions, we found that concentrations of tenofovir in hair samples from women were similar to those in men. This observation remained consistent when controlled for race/ethnicity, age, and weight. Our findings suggest that previously established adherence benchmarks for tenofovir concentrations in hair [16] can be similarly applied to both sexes. As PrEP implementation expands globally, these findings have implications for adherence monitoring in future PrEP studies and programs.
Adherence to PrEP appears to be particularly critical to its effectiveness in women [18] . As a result of differences in tissue concentrations of tenofovir, higher levels of adherence to PrEP may be required to protect against vaginal exposure than rectal exposure [12] . As selfreported adherence has been unreliable across multiple PrEP trials [9, 10, 19] and open-label studies [20, 21] , and because 'white coat' dosing (in which adherence increases just prior to study or clinic visits) is a possible confounder [22] , pharmacologic adherence metrics (objective measures that reflect drug ingestion) are of critical importance for interpreting results. Adherence benchmarks for pharmacologic adherence metrics that do not differ by sex and can be applied across populations may facilitate the interpretation of adherence and outcomes in future PrEP studies. The current study indicates that tenofovir concentrations in hair under directly observed dosing conditions are similar by sex and that the same adherence benchmarks can be applied to both women and men. In addition, although our study analyzed data collected in the context of 33%, 67%, or 100% of daily dosing, our results suggest that prior estimates of tenofovir hair concentrations under different dosing patterns (<2, 2-3, 4-6, or 7 doses per week) [21, 23] can be applied to both sexes.
Young women in sub-Saharan Africa are at disproportionate risk of HIV acquisition [24] and could greatly benefit from PrEP. Adherence monitoring may be particularly valuable for this population; however, the optimal adherence metric for women on PrEP has not yet been established. Biomarkers of adherence that estimate cumulative drug adherence and exposure over weeks to months (such as hair and DBS) may be particularly valuable in programmatic settings and studies in which participants are seen infrequently, such as on a quarterly basis. Hair and DBS are less susceptible to 'white coat' adherence patterns than drug levels in plasma, which reflects recent drug ingestion (yes or no) within days prior to collection. Hair samples have potential feasibility advantages in resource-limited settings in that hair collection is nonbiohazardous and does not require cold [25] .
Future studies are needed to determine drug concentration thresholds in any matrix above which women are protected from HIV acquisition. Although such thresholds have been established for MSM [26] , analogous levels have not been determined in women. These thresholds would have particular value in future trials of investigational agents for PrEP, in which oral TDF/FTC will serve as the comparator arm, as drug concentration thresholds can serve as surrogate endpoints. Trials powered to detect seroconversion even in high-incidence settings would require large sample sizes and considerable expense, making a surrogate endpoint desirable. In addition, the use of well established drug concentration thresholds would allow for an estimate of effects in populations disproportionately impacted by HIV in low-incidence settings, such as African American women in the United States [27] , and could lead to actionable interventions to optimize adherence and maximize the protective effect of PrEP.
In conclusion, our results suggest that adherence benchmarks for tenofovir in hair under directly observed dosing conditions are similar by sex, and therefore that adherence monitoring to PrEP via hair levels can be similarly applied to both women and men. As PrEP programs expand worldwide and pharmacokinetic metrics are increasingly used to monitor PrEP use, these findings provide guidance for assessing adherence via hair concentrations among women and men on PrEP.
